The mammalian major histocompatibility complex (MHC) is a tightly linked cluster of immune genes, and is often thought of as inherited as a unit. This has led to the hope that studying a single MHC gene will reveal patterns of evolution representative of the MHC as a whole. In this study we analyse a 1000-km transect of MHC variation traversing the European house mouse hybrid zone to compare signals of selection and patterns of diversification at two closely linked MHC class II genes, H-2Aa and H-2Eb. We show that although they are 0.01 cM apart (that is, recombination is expected only once in 10 000 meioses), disparate evolutionary patterns were detected. H-2Aa shows higher allelic polymorphism, faster allelic turnover due to higher mutation rates, stronger positive selection at antigen-binding sites and higher population structuring than H-2Eb. H-2Eb alleles are maintained in the gene pool for longer, including over separation of the subspecies, some H-2Eb alleles are positively and others negatively selected and some of the alleles are not expressed. We conclude that studies on MHC genes in wild-living vertebrates can give substantially different results depending on the MHC gene examined and that the level of polymorphism in a related species is a poor criterion for gene choice.
Introduction
Patterns of evolution in the major histocompatibility complex (MHC) are of interest because of its function: class I and II genes encode glycoproteins that recognize and present antigens to T cells (Klein, 1986) . A Red Queen arms race (Van Valen, 1973) between parasites and the immune system would lead to immune gene alleles experiencing episodes of positive selection. These episodes will tend to (1) reduce population variation in DNA tracts centred on MHC genes and (2) leave signals of positive selection (for example, elevated nonsynonymous to synonymous substitution (dN/dS) ratio) across MHC sequences. The multiplicity of parasites in natural populations may lead to maintenance of multiple MHC variants because of balancing selection based on heterozygote advantage or spatiotemporal variation in selection pressure (for example, reviewed in Garrigan and Hedrick, 2003; Piertney and Oliver, 2006) . If such balancing selection is sufficiently strong and persistent, multiple variants may be maintained through speciation events, resulting in trans-species polymorphism (TSP; Klein, 1987) manifested by incongruence between gene and species trees.
The mammalian MHC is tightly linked, and often thought of as inherited as a unit (Klein et al., 1991) . This has led to the hope that studying a single MHC gene will reveal patterns of evolution representative of the MHC as a whole. Based on this assumption, most studies are restricted to only one MHC gene (see exceptions, for example, in Edwards et al., 1997; Sommer, 2003; Bryja et al., 2007; Tollenaere et al., 2008; Babik et al., 2008.) . However, there are at least two reasons for analysing more MHC genes. First, evolutionary forces may differ between MHC genes within the complex. For example, Bryja et al. (2007) studied selection on two MHC class II genes in vole populations with fluctuating density and found much stronger geographic heterogeneity in selection signal at the DQA gene than the DRB. Second, differences in selection may also occur between orthologues, that is, genes at the same locus in different species. Nizetiae et al. (1987) demonstrated the absence of DR genes in the mole rat, despite DRB being the most polymorphic gene in humans (Janeway et al., 1999) , and suggested that other MHC loci must replace DR function, implying a large change in role between species.
MHC class II proteins are heterodimers consisting of a and b subunits. They are coded by linked a and b genes, originating from an ancient duplication event in mammalian evolution (Takahashi et al., 2000) . Subsequently, different MHC class II proteins arose by tandem duplication of a and b gene pairs (Hughes and Nei, 1990) . Despite the long divergence between a and b genes, it is still possible to trace homologies based on amino acid and protein structure alignments (Lefranc et al., 2005) . The subunits combine to perform a single function-binding of antigen for presentation to T cells. This bond is via antigen binding amino acids coded predominantly by the second exon of each subunit (see, for example, Fremont et al., 1998) . In the house mouse there are two functional MHC class II proteins, I-E and I-A (orthologues of human DR and DQ). Their a subunits are encoded by H2-Ea (DRA) and H2-Aa (DQA) and their b subunits by H2-Eb (DRB) and H2-Ab (DQB) (Kumanovics, 2007) . In this study we contrast H2-Aa and H2-Eb coding for a and b subunits, respectively. They lie only 18 kb, and 0.01 cM, apart (Mouse Genome Informatics, http://www.informatics.jax.org/) and are the most widely studied MHC class II genes in rodents.
Although house mice are excellent models for immunogenetics of wild-living vertebrates, with well-studied immune genes, most studies of mouse MHC class II variation in the wild have used serology and allozymes-phenotypic rather than genotypic measures (Gö tze et al., 1980; Arden and Klein, 1982; Nadeau et al., 1988) . To our knowledge, the only exception was a study of microsatellite variation in the MHC region in Mus musculus castaneus (Huang and Yu, 2003) . Other genetic studies of mouse MHC class II genes are of laboratory or wild-derived inbred strains (for example, Saha et al., 1993; Edwards et al., 1997) that are known to be developed from a few ancestral individuals or a restricted number of wild pairs (Guenet and Bonhomme, 2003 , and references therein). Thus, it is likely that the vast majority of mouse MHC variability remains to be discovered.
In the wild, Mus musculus is polytypic: taxonomists recognize five subspecies that originated probably in the Indian subcontinent (Guenet and Bonhomme, 2003) . Two of them, M. m. musculus and M. m. domesticus, colonized Europe along different routes: the former across Russia to eastern and central Europe, and the latter across middle and near-East and the Mediterranean to western and northern Europe (Cucchi et al., 2005) . In Europe, the two subspecies meet and form a narrow zone of secondary contact 2500 km long and at most 25 km wide (Tucker et al., 1992; Raufaste et al., 2005; Macholán et al., 2007) . This limited hybridization is probably caused by genetic incompatibilities or conflicts between the subspecies (Macholán et al., 2008) . The a priori uncertainty about the scale of introgression of MHC variants in a secondary contact zone moved us to sample mice from localities over a long linear transect (cca 1000 km, from central Germany to eastern Slovakia), compared with the scale of introgression of allozyme loci (about 6-18 km, Macholán et al., 2007) . Our wide sampling allows us to distinguish standing variation of two MHC class II genes in the subspecies from variants that have introgressed across the contact zone since secondary contact. This is vital if we are to identify TSPs dating from the earlier separation of the taxa. We are then able to compare not only evolutionary patterns for the two class II genes across European house mice, but also to compare patterns for these genes between 'pure' musculus and domesticus mice, and assess levels of TSP. Together with the insight gained into the evolutionary history of MHC in natural populations of two closely related taxa that are ancestral to the laboratory mouse, this study is a necessary preliminary to a fine-scale study of clines in MHC genes across the mouse contact zone.
Materials and methods

Sampling design
We examined 367 Mus musculus individuals caught between years 1997-2007 from 17 localities in Germany, Czech and Slovak Republics, with 17-22 individuals per locality (Figure 1 , for global positioning system coordinates see Supplementary Table 1 ). The localities are situated on a 1000-km transect and include representatives of Mus m. domesticus and Mus m. musculus. The hybrid zone between the subspecies lies at the centre of the transect. Based on allozyme loci, Arzdorf, Schweben and Straas are genetically 'pure' domesticus localities, whereas Buskovice, Studenec and Cejkov are 'pure' musculus localities (Macholán et al., 2008; Macholán M and Piálek J, unpublished data) . The other 11 localities include individuals with a range of hybrid indices.
DNA extraction and primer design for exon 2 of H-2Aa and H-2Eb genes Genomic DNA was extracted from tissue samples (spleen stored in ethanol) using DNeasy 96 Blood & Tissue Kit (Qiagen, Hilden, Germany), eluted in 200 ml and 10 times diluted. We amplified the second exon of H-2Aa and H-2Eb. PCR primers were designed on the basis of the alignment of various rodent sequences retrieved from public databases. We used MusDQA primers to amplify 207 bp (excluding primers) out of 249 bp of H-2Aa exon 2 and MusDRB primers to amplify 270 bp out of 271 bp of H-2Eb exon 2 together with a part of the MHC in wild house mice D Čížková et al adjacent intron. MusDRB primers were designed not to amplify a paralogue of H-2Eb called H-2Eb2, which is adjacent to H-2Eb (0.01 cM, 9.5 Kb) but has a different function from conventional class II genes (Braunstein and Germain, 1986) . To control for null alleles, we used a second pair of primers for each locus. These were MusAa primers amplifying 236 bp of the H-2Aa exon 2 together with 5 bp of intron 1 and JS1 and JS2 primers (Schad et al., 2004) , which are commonly used to amplify rodent DRB and cover 217 bp of H-2Eb exon 2. For positions of priming sites, primer sequences and PCR conditions, see Figure 2 . Genotyping of exon 2 from H-2Aa and H-2Eb H-2Aa and H-2Eb exons 2 were amplified with fluorescently labelled MusDQA and MusDRB primers (conditions described in Figure 2 ). We performed single-strand conformation polymorphism (SSCP) analysis, (for principles, see for example, Bryja et al., 2005) . PCR product (0.5-4 ml) was mixed with 0.5 ml of 500 LIZ Size Standard (Applied Biosystems, Foster City, CA, USA) with 12 ml Hi-Di formamide and denatured at 95 1C for 3 min. Electrophoresis was run at 18 1C in 5% nondenaturing conformation analysis polymer (Applied Biosystems) using ABI PRISM 3130 (Applied Biosystems). Data were analysed using GENEMAPPER v.3.7 (Applied Biosystems).
We selected individuals with diverse SSCP patterns to investigate sequence variation. Where homozygous individuals were detected by SSCP analysis, we directly sequenced the PCR product using BigDye terminator chemistry (Applied Biosystems). For heterozygous SSCP patterns or when peak overlap was suspected, we identified the sequences by cloning and sequencing the PCR products (Finnzymes, Espoo, Finland, proofreading DNA polymerase was used), as described in Promerová et al. (2009) . We accepted a sequence as a new allele only when it was sequenced at least twice from two independent PCRs. To check for PCR artefacts we always compared the SSCP pattern of the clone with that of the heterozygous individual (for individual genotypes, see Supplementary Table 1) .
The sequences thus obtained were edited and aligned according to the GenBank reference sequences for mice H-2Eb (NM_010382) and H-2Aa (NM_010378) in SEQS-CAPE v2.5 (Applied Biosystems). Gene and allele nomenclature follow Klein et al. (1990 a, b) . Alleles found only in hybrid localities were named H-2Ebmusxdom and H-2Aamusxdom. For 'pure' H-2Eb alleles, we continued with the numbering started by Edwards et al. (1997) . For 'pure' H-2Aa and the hybrid alleles we started with number 1. When the same sequence was present in both 'pure' subspecies, it was named twice, separately for each subspecies.
Transcription analysis
As Knapp (2007) ethanol (DNA extraction) and in RNA later (Ambion, Austin, TX, USA) (RNA extraction). We extracted DNA and genotyped the samples for both H-2Aa and H-2Eb by amplification with MusDQA and MusDRB primers followed by SSCP (as described above). According to SSCP patterns we identified alleles that were identical with the alleles present in our locality samples. We chose 15 heterozygous individuals whose genotypes covered the identified alleles and extracted total RNA using the RNeasy Plus Mini Kit (Qiagen). Reverse transcription of 5 mg of total mRNA was performed with SuperScript III (Invitrogen) and poly(T) primer. For H-2Eb complementary DNA (cDNA) amplification, we multiplexed JS and MusDRB primers. JS primers were used to detect expression of particular alleles, as their priming sites are inside exon 2, whereas the MusDRB primers, which have priming sites in adjacent introns, served to control for genomic DNA contamination. We followed the conditions described above, but we added 0.2 mM of each primer and 0.5 ml of cDNA as a template. To amplify H-2Aa cDNA we used MusDQA primers and the same conditions as above, apart from adding 0.5 ml of cDNA as template. For H-2Aa we did not check for contamination with genomic DNA, as the cDNA template was identical to the H-2Eb amplification template. As a final check, we randomly chose three samples and performed PCR directly from the isolated RNA.
Data analysis
Analysis of sequence evolution and selection: We estimated substitution distances between the sequences as a measure of their evolutionary divergence. We used Kimura's two-parameter model (Kimura, 1980) , adjusted to account for varying substitution rates between sites (g ¼ 0.5) as implemented in molecular evolutionary genetics analysis (MEGA; Tamura et al., 2007) . The assumptions of many methods of DNA sequence analysis (especially distance based) are violated if recombination is present. To check for the presence of recombination in the alignment of our sequences, we used PERMUTE (included in the software package OMEGAMAP; Wilson and McVean, 2006) , which computes three commonly used statistics (r 2 , D and G4) based on the correlation between physical distance of sites and their linkage disequilibrium.
To estimate levels of positive selection, often thought to drive the evolution of exon 2 of MHC class II sequences (reviewed in Garrigan and Hedrick, 2003) , we used two approaches based on different principles. The classical approach is based on assessing the average ratio of dN/dS separately for the antigen-binding sites (ABS; supposed to be under positive selection) and the remaining sites (non-ABS) and comparing the values. We used two different substitution models as recommended in Zhang and Yu (2006) . The modified Nei and Gojobori method with Jukes-Cantor correction for multiple substitutions (Nei and Gojobori, 1986) is commonly used in similar studies (see, for example, Sommer, 2003; Bryja et al., 2007; Babik et al., 2008) , whereas the Kumar method (Tamura et al., 2007) incorporates more parameters and should give more precise estimates, especially in the case of 'complicated datasets', although risking overparameterization. The codons participating in antigen binding were identified according to the review of Bondinas et al. (2007) and are listed in Figure 3 .
The second approach for estimating positive selection compares the rates of synonymous and non-synonymous substitutions separately for every single codon with no previous assumptions on antigen binding. We chose to use HYPHY (Pond et al., 2005) and OMEGAMAP (Wilson and McVean, 2006 ) software packages, both of which have the important advantage of taking recombination into account. The basic difference between these approaches is that HYPHY employs a 'classical phylogenetic' approach whereas OMEGAMAP is based on coalescent theory, and therefore assumes populationlevel sampling. The analyses were performed separately for three groups of sequences: musculus (that is, all the sequences that were present in three 'pure' musculus localities, regardless if they were present in hybrid or domesticus localities at the same time), domesticus and, thirdly, all the sequences together (that is, domesticus, musculus and alleles restricted to the hybrid zone). The last group was not analysed with the OMEGAMAP software, as samples drawn from across a taxon barrier do not represent a population sample. In HYPHY, we first identified recombination break points with genetic algorithm recombination detection (GARD; Pond et al., 2006) , which infers phylogenies for each putative nonrecombinant fragment. The output was used to run three different maximum likelihood methods for detection of selection: single likelihood ancestral counting, fixed effects likelihood and random effects likelihood.
The single likelihood ancestral counting and fixed effects likelihood are conservative tests, and lack of information will result in low power (the data set comprises 17 and 27 relatively short sequences-the unique DRB and DQA alleles).
The random effects likelihood tests, in contrast, must be treated with caution, as they tend to return false positives in the absence of sufficient information. Following the recommendations of the authors, we set high a-levels of 0.25 for single likelihood ancestral counting and fixed effects likelihood and Bayes factor cutoff at 50 for random effects likelihood (Pond and Frost, 2005a) . The authors recommend considering all three methods and following the consensus. We therefore regarded a codon to be selected only if it was identified by at least two of the methods. To compare the strength of positive versus negative selection across different groups of sequences, we estimated whether the proportion of positively versus negatively selected codons was significantly different between groups, and if so, in which direction. We used generalized linear mixed model with binomial distribution MHC in wild house mice D Čížková et al and logit link function. For each gene and all the three groups of sequences, we estimated the proportion of positively versus negatively selected codons. These proportions were used in the generalized linear mixed model as a response variable. We evaluated the significance of the following explanatory variables: species identity (musculus vs domesticus vs musculus þ domesticus þ hybrid), type of selection (positive or negative), gene identity (H-2Eb vs H-2Aa) and interactions. Significance levels were estimated using the standard deletion procedure based on likelihood ratio tests (that is, Crawley, 2007) assuming w 2 distribution of deviance change. These data suffer from several sources of non-independence. To control at least partially for this, we included gene identity nested within species identity as a random intercept of the model.
To test for possible differences in selection regimes between the allelic lineages, we used the genetic algorithm (GA)-branch method implemented in HYPHY (Pond and Frost, 2005b) . This codon-based method allows for varying dN/dS in phylogeny without a priori specification of the distinct lineages.
The OMEGAMAP software is based on a population genetics approximation to the coalescent with recombination. It does a Bayesian co-estimation of the dN/dS ratio (o) and population recombination rate (r ¼ 4Nr), allowing each to vary along the sequence (Wilson and McVean, 2006) . The analyses used 'objective' priors, with the probable values of the mutation rate and the transition/transversion rate ratio adjusted to follow improper inverse distributions. The o and r were set to fit exponential (l ¼ 1) distributions, with seven-codon blocks for o and r. Two Markov chain Monte Carlo runs of 400 000 iterations (5000 iteration burn-in) were compared for convergence. Posterior probability of a positively selected codon was set at 0.95. Total mutation rate per base pair (ytot ¼ 4 Nm) was calculated using an R-script provided by Daniel Wilson (personal communication). As OMEGAMAP assumes population-level sampling, we were not forced to reduce our samples to the subset of unique sequences.
Phylogenetic analyses: We constructed neighbourjoining trees for exon 2 alleles at the two loci with MEGA (Tamura et al., 2007) , using the same simple model of sequence evolution as for assessing evolutionary divergence (K2P, g ¼ 0.5) and tested phylogenies using 100 000 bootstraps. We included unique musculus, domesticus and hybrid-derived exon 2 sequences discovered in this study together with sequences from six Mus taxa retrieved from the GenBank database (14 H2Aa and 43 H-2Eb sequences). We used only those taxa sampled for both loci and the sequences with proven origin with regard to species/subspecies. Water vole (Arvicola terrestris) sequences were used to root the trees.
Distribution of genetic variation:
As a measure of genetic diversity of the two loci, we calculated their expected heterozygosity with GENEPOP 4.0.7 (Raymond and Rousset, 1995) . Tests for Hardy-Weinberg equilibrium were performed in GENEPOP; we tested separately for heterozygote deficiency and excess. Genotypic (linkage) disequilibrium between H-2Aa and H-2Eb was assessed separately for each locality sample by exact tests in GENEPOP.
We estimated standardized F-statistics between six 'pure' populations to assess the pattern of population structure for the two loci. We used RECODEDATA (Meirmans, 2006) to generate two types of data sets from the original genotypes (separately for each locus): first, a data set where each locality sample was recoded to have unique alleles, the second where the musculus and the domesticus groups were recoded to have unique alleles. With the original and the two recoded data sets, we performed hierarchical analysis of molecular variance using ARLEQUIN 3.11 (Excoffier et al., 2005) . Results from the original data set gave actual values of F ST , F CT (an index describing the amount of population differentiation between the groups of locality samples, that is, musculus and domesticus) and F SC (differentiation between the populations within the groups). Results from the first recoded data set gave the maximum value of F ST and F SC possible given the within-population variance present. Similarly, the second recoded data set gave maximal F CT . Standardized values were calculated by dividing the original values by the maximal values (Hedrick, 2005) . In the same way we calculated standardized F ST for the locality pairs. These standardized values allow us to control for the different withinpopulation variance (because of the different levels of polymorphism) of the two loci. To assess population differentiation within the subspecies and to compare between them, we used two-sided tests comparing the two groups of locality samples (10 000 permutations) in FSTAT (Goudet, 2001 ).
Results
Allelic diversity of H-2Aa and H-2Eb exon 2 We identified 27 H-2Aa and 17 H-2Eb alleles in 367 individuals from 17 locality samples. All alleles of H-2Aa were amplified by both the MusDQA and MusAa primers, that is, no H-2Aa-null alleles occurred in our samples. By verifying MusDRB primer results with the second pair of H-2Eb primers (JS primers), we found that 19 supposedly MusDRB-homozygous individuals were heterozygous for a total of four MusDRB-null alleles. Three of these null alleles (MumuEb*15/MudoEb*25, Mumuxdo-Eb*2 and Mumuxdo-Eb*3) were in fact amplified by MusDRB in homozygotes, but for the above-mentioned heterozygotes their amplification was at background noise level. For the fourth null allele (Mudo-Eb*20), there was no homozygous individual present within this study. However, we found MudoEb*20 in the homozygous state in the STRB strain derived from the Straas locality . A STRB individual was amplified with MusDRB primers to get the full Mudo-Eb*20 sequence.
Out of 27 H-2Aa and 17 H-2Eb sequences found in this study, 17 and 6 sequences, respectively, had not been previously identified in Mus musculus. We deposited all the sequences in the GenBank database under accession numbers: HM443553-HM443603. Apart from one H-2Eb sequence, we detected no insertions, deletions or stop codons in either H-2Aa or H-2Eb sequences. A single substitution was found to separate allele MumuEb*8 from allele MudoEb*23, changing the second codon of allele MumuEb*8 to a stop codon (Figure 3 ).
Transcription analysis
In the 76 individuals with available RNA, SSCP revealed 16 H-2Aa alleles out of the 27 present in our DNA samples and 11 alleles out of 17 for H-2Eb. For H-2Aa, all the SSCP patterns obtained from cDNA were identical to those from genomic DNA, implying no aberrant expression at the level of mRNA. For H-2Eb, we detected two cDNA patterns that did not match genomic DNA patterns. First, the profile of the MumuEb*11/ MudoEb*27 allele was absent in independent cDNA amplicons, suggesting that its transcript was not present in the sample. Second, there were three alternative transcription levels of the MumuEb*12 allele in heterozygotes. In the first of these cDNA samples, we detected intense expression and the SSCP pattern was identical to the profile obtained from genomic DNA. In the second individual, no transcript of MumuEb*12 was detected and in the third one, the signal was barely detected, suggesting a very low level of transcription. Each time, the signal of the second allele of the heterozygote amplified from cDNA reached the same height as that from genomic DNA, indicating specific decrease in transcription of MumuEb*12.
Sequence evolution: nucleotide substitutions Within-locus allelic divergence, as estimated by K2P distances, was higher for H-2Eb than H-2Aa (Table 1) . Similarly, the amount of both synonymous and nonsynonymous substitutions was higher for H-2Eb when considering both unique sequences (dS and dN, distance-based methods, Table 2 ) and population samples (ysyn and ynon, OMEGAMAP, Table 3 ).
Sequence evolution: recombination For both loci, and all groups of sequences, recombination (or homologous gene conversion) was indicated by at least one of the three PERMUTE statistics (Table 3 ). The signal of recombination was stronger for H-2Aa, regarding both number of positive tests and level of significance. A higher level of recombination was confirmed by the average recombination rate per codon (r) calculated by OMEGAMAP, which was about twice as high for H-2Aa than for H-2Eb. To find out which mechanism (substitution or recombination) dominated in the evolution of the two loci, we examined the ratio of the OMEGAMAP average mutational rate (ytot) and the average recombinational rate (r). By this measure, recombination was of approximately the same importance in the evolution of H-2Aa as were substitutions. The evolution of H-2Eb was, on the contrary, about two times more affected by substitutions than by recombination (Table 3) . No particular recombination hot spots were indicated by OMEGAMAP, either for H-2Eb or for H-2Aa, with similar r values found all along the sequences.
Selection analysis
The dN/dS ratio (Table 2 ) indicated approximately the same amount of positive selection for both loci, if averaged over the two methods used (2.63 and 2.52 for H-2Aa and H-2Eb, respectively). H-2Aa ABS showed signs of intense positive selection (35 times more nonsynonymous substitutions if averaged over the methods) whereas at non-ABS negative selection was detected. Similarly, for H-2Eb, the ABS were found to be under positive selection, although much weaker than in H-2Aa (dN value just three times higher). Interestingly, positive selection was also detected for non-ABS in H-2Eb (dN twice dS).
The positions of codons found to be positively and negatively selected by the three standard methods implemented in the HYPHY package are shown in Figure 3 . The generalized linear mixed model analysis of positive to negative selected codon ratios did not detect any significant effect of species identity (either as the main effect or included in statistical interactions with other variables). This suggests that the overall level of selection is comparable for musculus and domesticus Abbreviation: ABS, antigen-binding site. The distances were calculated using the Kumar (K) and Nei-Gojobori method with Jukes-Cantor correction (NG+JC). The s.e. were estimated by bootstrap with 10 000 replicates.
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groups and that likewise the proportion of positive to negative selection is comparable (that is, nonsignificant interaction 'gene Â subspecies' identity). On the other hand, the interaction 'gene identity Â type of selection' (positive vs negative) was significant (Dd.f. ¼ 1, w 2 ¼ 15.693, Po0.0001). We conclude that the proportions of loci under negative and positive selection differ between these two loci. Two separate generalized linear mixed models with the proportion of codons under negative and positive selection as a response variable and gene identity as the only explanatory variable revealed that there is a significantly higher proportion of positively and significantly lower proportion of negatively selected codons in H-2Aa compared with H-2Eb (Dd.f. ¼ 1, w 2 ¼ 4.141, P ¼ 0.04186 and Dd.f. ¼ 1, w 2 ¼ 11.572, P ¼ 0.0006694, respectively). OMEGAMAP identified 9 and 20% of the codons to be positively selected for H-2Aa musculus and domesticus groups, respectively, and 18 and 13% for H-2Eb (negative selection is not detected by this method). These percentages should be taken cautiously as they are likely influenced by the choice of block size for o variation along the sequence (we chose seven-codon blocks, as further shortening resulted in poor Markov chain Monte Carlo convergence). Because of this blockwise treatment, strongly selected codons may obscure signal in their flanking neighbours. This can be seen, for example, at codons 3-9 of H-2Eb (Figure 3) , where negative selection at codon 5 detected by HYPHY seems to have been obscured in OMEGAMAP by positive selection signal from neighbouring codons. However, despite these differences between methods, OMEGAMAP and HYPHY showed very high congruence in identifying parts of the sequences under selection (Figure 3) .
Consistency between ABS based on crystalography and codons determined as positively selected by at least two HYPHY methods was better for H-2Aa (56% matched) than for H-2Eb (18%).
Using the GA-branch method, we found sequences in the H-2Eb genealogy with significantly different dN/dS ratio (D-cAIC ¼ 11.28). The sequences under positive selection (dN/dS ¼ 6.98) included 61% of tree branches and 10 extant sequences, whereas the sequences under negative selection (dN/dS ¼ 0.46) included 39% of tree branches and 7 extant sequences. Negatively selected sequences are indicated in Figure 4 . For H-2Aa sequences, we found one positively selected clade (dN/dS ¼ 4.223).
Phylogenetic analysis
Neighbour-joining trees calculated from the available sequences showed a strong trans-species pattern. For both loci, we found that the alleles cluster without regard to the species or subspecies from which they were sampled (Figure 4) .
Distribution of genetic variation
Expected allelic heterozygosity was higher for H-2Aa than H2-Eb (Table 1 ). In testing deviations from HardyWeinberg equilibrium, only the Arzdorf, Hurka and Mostov localities showed significant heterozygote deficiency. Because deviation was detected for both loci in these samples, it is likely that it was caused by demographic effects rather than null alleles.
Highly significant (Po0.001) genotypic (linkage) disequilibrium between H-2Aa and H-2Eb was detected in all locality samples, consistent with their map distance (0.01 cM).
For both loci we found alleles specific to single localities and subspecies. This differentiation was however more pronounced for H-2Aa than for H-2Eb (see Supplementary Table 2 for the allelic distribution over the localities). For H-2Eb, 24% of sequences (4 out of 17) had identical matches between the subspecies, representing 73% of the total allele copies. For H-2Aa, 11% of sequences had matches between the subspecies (3 out of 27), and only 15% of total copies. The overall population differentiation between the 'pure' subspecies was maximal for H-2Aa (F STstand ¼ 0.99), whereas for H-2Eb it was F STstand ¼ 0.60. Similarly, the H-2Aa allelic distribution was highly subspecies specific (F CTstand ¼ 0.97) whereas for H-2Eb specificity was low (F CTstand ¼ 0.16). Locality differentiation within the musculus and domesticus groups was F SCstand ¼ 0.65 and 0.52 for H-2Aa and H-2Eb, respectively. Taking both loci together, we found no difference in the differentiation (F ST ) between the musculus and domesticus groups. Standardized pairwise F ST values are shown in Table 4 .
Discussion
This study analyses the genetic diversity and its distribution at two MHC class II genes, H-2Aa and H-2Eb, in two subspecies of wild house mouse and their hybrids, arguably one of the most intensively studied models of speciation. We studied their transcription patterns, analysed their molecular mechanisms of sequence evolution (for example, substitution distances, recombination vs point mutations, positive selection), described their population structure and compared this across both MHC genes and subspecies. Despite the close linkage between the two genes, we found substantial differences between the loci in almost all analysed features. We did not find any substantial differences between the orthologues in musculus and domesticus for either locus. Differences in genetic polymorphism between two MHC class II genes Extensive allelic diversity in both allele numbers and pairwise nucleotide distances is characteristic for MHC genes (Klein et al., 1993) . Mouse H-2Aa showed higher allelic polymorphism than H-2Eb (27 vs 17 alleles). In other rodents the pattern seems to be the opposite (Smulders et al., 2003; Sommer, 2003; Bryja et al., 2007; Tollenaere et al., 2008) . However, such contrasts are perhaps not surprising, given the rapid evolutionary dynamics of MHC loci (Nei et al., 1997) . In all, 17 H-2A and 6 H-2Eb alleles were previously unidentified in Mus musculus, confirming the inadequacy of inbred mouse strains as indicators of variability in wild mice. Although H2-Aa had more alleles, H-2Eb had greater allelic diversity in terms of nucleotide distance, both mean and maximum number of substitutions and synonymous and nonsynonymous substitutions. These differences in polymorphism could be due to either a difference in the speed of allelic diversification or in time of their persistence in the gene pool (Klein, 1987; Takahata et al., 1992) . We propose that the higher diversity of H-2Eb alleles is because of longer persistence. Otherwise, a higher mutation rate must be invoked to explain the higher synonymous distances at H-2Eb. Fast diversification of the H-2Aa alleles is likely because of greater intralocus recombination (or gene conversion), almost twice that in H-2Eb and twice the rate of substitution. Recombination creates new allelic variantsnew combinations of existing variation-and may be a dominant source of allelic polymorphism (Takahata and Satta, 1998) . High frequency of intralocus recombination (dominating substitutions) has already been described in classical MHC genes in various vertebrates (see, for example, Alcaide et al., 2007; Promerová et al., 2009) including rodents (Richman et al., 2003) .
Differences in the level of TSP
In the phylogenetic trees constructed from the available sequences, alleles at both loci clustered regardless of their species/subspecies origin. Trans-species origin (TSO) and subsequent maintenance of polymorphism Figure 4 Neighbour-joining trees of (a) H-2Aa and (b) H-2Eb exon 2 sequences of mice, including sequences discovered in this study (in bold, labelled as, for example, Mumu-Aa*1). Sequences stored in GenBank have the accession numbers attached. The following taxa were included: Mus musculus castaneus (Muca), Mus musculus domesticus (Mudo), Mus musculus molossinus (Mumo), Mus musculus musculus (Mumu), Mus spicilegus (Musi) and Mus spretus (Musp). Arvicola terrestris (Arte) sequences were used to root the trees. Bootstrap values 460 are shown. The H-2Eb sequences highlighted in grey are under negative selection according to GA-branch analysis of sequences found in this study.
MHC in wild house mice D Čížková et al through speciation events is often invoked to explain such trans-species patterns of polymorphism in MHC genes, including rodent homologues of H-2Aa (Seddon and Baverstock, 2000; Bryja et al. 2006 ) and H-2Eb (Edwards et al. 1997; Smulders et al., 2003; Musolf et al., 2004) . However, convergent evolution leading to homoplasy (see, for example, the review Klein et al., 2007) and horizontal gene transfer between taxa are other evolutionary processes generating TSP.
In this study, we had the unique opportunity to discriminate between the above TSP-generating processes. To exclude convergent evolution, we consider only identical sequenced alleles shared by musculus and domesticus, the probability of complete sequence identity (that is, including synonymous sites) by convergence being negligible. For H-2Aa, the amount of TSP seems to be twice as low as H-2Eb, that is, 11 vs 24% of all the unique alleles at the two loci were shared by the subspecies. However, the amount of TSP is only expected to be reflected by the proportion of shared unique alleles under the simple symmetric-overdominance model of selection, which assumes that all the alleles have the same selective advantages and thus the same expected frequencies. This seems unlikely for our genes and species (and probably for most other natural species/ populations). Controlling for allelic frequencies, 73% of all the sampled H-2Eb allele copies had allelic states shared across the subspecies, compared with only 15% for H-2Aa, indicating an even higher relative TSP for H-2Eb. Comparing these numbers is however problematic because of the different allelic polymorphism of the two loci (Hedrick, 1999) . Standardized F-statistics, controlling for this bias, showed that H-2Aa variation was highly subspecies specific (F CTstand ¼ 97%). On the contrary, there was almost no subspecific differentiation at H-2Eb (F CTstand ¼ 16%), confirming much higher levels of TSP in H-2Eb.
To control for horizontal gene transfer between the two taxa (introgression) at their contact zone, we compared only 'pure' musculus and domesticus localities, geographically distant from any localities showing introgression of allozymes (Macholán et al., 2008, Macholán M and Piálek J, unpublished data) . However, introgression clines can be of very different widths for different loci (Barton and Hewitt, 1985) . If the high level of H-2Eb TSP was caused by clines of introgression rather than TSO, we would not expect between-subspecies localities to be more similar (F CTstand ¼ 16%) than within-subspecies ones (F SCstand ¼ 52%). Such a pattern is expected only because of TSO, unless strong introgression has homogenized adjacent musculus (Buskovice) and domesticus (Straas) localities. This is obviously not the case as Buskovice-Straas pairwise F ST is the seventh highest out of nine between-subspecies pairs (Table 4) . We conclude that both loci show TSO, but to very different degrees.
Differences in gene transcription and expression
All analysed H-2Aa alleles were successfully transcribed. Altered gene transcription was indicated for some H-2Eb alleles, consistent with a high incidence of non-expressed E protein revealed by serology in wild mice (Figueroa et al., 1989) . Transcription of two H-2Eb alleles was either decreased (allele MumuEb*12) or absent (MumuEb*11/MudoEb*27). We also found a stop codon in the coding sequence of MumuEb*8. As only 16 out of 27 H-2Aa alleles and 11 out of 17 H-2Eb alleles have been analysed here, it is possible that further investigation will reveal further transcription and expression variation.
The aberrant transcription of the MumuEb*12 allele was most probably because of a splicing site mutation identified previously in M. m. domesticus (haplotypes q and 302) and M. m. castaneus (haplotype w17) (Vu et al., 1988; Begovich et al., 1990; Tacchini-Cottier et al., 1995) , because the exon 2 sequences of these alleles from sister taxa are identical to our MumuEb*12 sequence. Similarly, the stop codon at position two of exon 2 has already been described in M. m. domesticus (haplotype w29 and w37) and M. spicilegus (allele Musieb4) (Golubiae et al., 1987; Tacchini-Cottier et al., 1995; Edwards et al., 1997) .
The TSP of the identical domesticus and castaneus alleles with splicing site mutations would be explained by TSO of this mutation (Tacchini-Cottier et al., 1995) and includes a musculus allele found within this study. TSO is also indicated for the stop-codon mutation, as domesticus w37 haplotype (Mudo U13656) and musculus allele MumuEb*8 from our sample cluster together in the phylogeny (Figure 4) , although the bootstrap support for this node is weak.
Although TSO seems the most likely explanation for these TSPs, a single ancestral origin of these alleles appears paradoxical because it implies that the ancestral allele had selective advantage strong enough to maintain its descendants through speciation events. It is known that the I-E protein tends to bind viral or bacterial superantigens (Tomonari et al., 1993) , leading to a deleterious immune reaction. If these superantigens are present in the environment, it can be advantageous not to express I-E protein (Tacchini-Cottier et al., 1995) . Temporal or spatial differences in the presence of such superantigens would then allow balancing selection to maintain both functional and non-functional variants. This could explain the maintenance of descendants of a stop codon containing (non-functional) variant through a speciation event. However, it does not explain the observed similarity of sequences containing the stop codon across taxa: if these sequences are descendants of a non-functional allele that arose before the musculus-castaneus split, then we would Between-subspecies pairs are highlighted in grey.
MHC in wild house mice D Čížková et al expect them to have accumulated many mutations, both synonymous and non-synonymous, during the intervening history. In short, if the stop codon clade of alleles originates deep in time and is non-functional, then that clade should be diverse rather than highly conserved. One resolution to this paradox is that, although not transcribed, the sequence of the stop codon allele is highly conserved for non-coding reasons. Certainly, this paradoxical evidence suggests that the loss of function in some H-2Eb alleles does not automatically mean that H-2Eb is in the classic process of pseudogenization commonly assumed in MHC studies (Nei et al., 1997) .
Differences in the strength and direction of selection detected on sequences Both loci showed excess of non-synonymous to synonymous substitutions, a signal of positive selection (Hill and Hastie, 1987) . Strong positive selection at ABS and negative selection at non-ABS characterize the H-2Aa gene, a pattern typical for classic functional MHC genes (for example, see review Garrigan and Hedrick, 2003) . A positive selection signal was also detected at ABS of H-2Eb (even if much lower than that at H-2Aa), but the non-ABS also showed a considerable signal of positive selection. The most probable explanation is that some H-2Eb ABS have not been identified by the crystallography studies we refer to. For some MHC alleles and antigen combinations, alternative codons take part in binding (compare Scott et al., 1998 and Fremont et al., 1998) and the H-2Eb crystallography studies cover only a single allele and two antigens (Fremont et al., 1996) . Weaker positive selection acting at H-2Eb vs H-2Aa was also indicated by significantly fewer positively selected codons. However, in the H-2Eb genealogy it was possible to distinguish between a positively selected subset of alleles (dN/dS ¼ 6.98) and a negatively selected subset (dN/dS ¼ 0.46). The analyses that mix such subsets within groups risk obscuring both the positive signal of the first and the negative signal of the second.
A higher proportion of negatively vs positively selected codons was found for H-2Eb vs H-2Aa. This proportion might be underestimated for the above reason (but this would make the actual difference even greater). Nevertheless, only one of these codons is a putative ABS (binding to the conservative peptide backbone of an antigen (Stern et al., 1994) , and hence this probably does not mean that H2-Eb has more conservative function in the binding of antigens. Instead, we suggest that it reflects higher structural constraints in the respective parts of the MHC class II b subunits than in a subunits (reviewed in Bondinas et al., 2007) .
Selection, function and linkage disequilibrium
We have shown substantial differences in evolutionary patterns between the two discussed genes, despite their very close linkage. Close linkage implies shared history and hence presumably these differences were caused by differences in selection, which, in turn, implies different function of the two genes. For paralogous proteins arising from gene duplication, one possible fate is functional diversification (for example, see review Hughes, 2005) . Immunological studies have reported functional differences between the I-E and I-A proteins (Figueroa et al., 1990; Cosgrove et al., 1992; Tomonari et al., 1993) . More recently, it has been proposed that different selection mechanisms shape variation at the rodent orthologues of H-2Aa and H-2Eb based on population genetic and parasite genotype association studies (Bryja et al., 2007; Tollenaere et al., 2008) .
The main differences found within this study are recapped as follows: (1) H-2Eb alleles are maintained in the gene pool for longer, manifested by higher TSO and sequence divergence, whereas H-2Aa shows faster allelic turnover due to higher (substitution þ recombination) rates; (2) antigen binding sites of all H-2Aa alleles evolve under strong positive selection, whereas the pattern for H-2Eb is not so clear, probably because some H-2Eb alleles evolve under positive and others under negative selection; (3) H-2Aa shows higher genetic structure than H-2Eb between subspecies locality samples, where gene flow is expected; and (4) some H-2Eb alleles are not expressed.
Speculating on possible selective pressures, given the first three points above, it would appear that at least some H-2Eb alleles are coevolving with multiple widespread and slow-evolving antigens. Slow or cyclical evolution of these antigens would explain trans-species maintenance of H-2Eb alleles. Selection for optimal binding of these antigens would cause negative selection signal for some of the allelic lineages. Similarly, widespread antigen occurrence would explain the relatively uniform spatial distribution of H-2Eb variation. The properties of these hypothetical antigens resemble those of pathogen-associated molecular motifs common to a group of pathogen taxa and representing targets of innate immunity, for example, the lipopolysaccharide motif shared across many bacteria. For H-2Eb homologues, such a link with innate immunity has already been suggested (Kriener et al., 2000) . On the other hand, fast H-2Aa evolution evokes a Red Queen arms race with fast-evolving antigens, in which diversification is what matters. Because our measures of population structure control for allelic diversity, we are able to compare genetic structure between the loci and conclude that H-2Aa is more structured. This higher structuring could reflect differences in pathogen communities between the localities, possibly because of non-synchronized fluctuations in their densities.
MHC haplotypes appear to be haploblocks of high linkage disequilibrium interspersed by recombinational hot spots (Jeffreys et al., 2001) . The strong linkage disequilibrium that we detect between the two markers is consistent with the map distance between them, and rules out a previously undetected recombination hot spot as an explanation for the apparent difference in evolutionary history of the genes. Although close linkage between the two loci should couple their evolutionary histories, it does not prevent quicker vs slower evolution of H-2Aa vs H-2Eb, via a higher (recombination þ substitution) rate in H-2Aa. Similarly, even if balancing selection is homogenizing H-2Eb allelic frequencies between locality samples (Muirhead, 2001) , rapid mutational diversification of linked H-2Aa alleles can recover population structure at H-2Aa.
Conclusion
Most studies of MHC in wild-living vertebrates focus on a single MHC gene, usually the orthologue of human DRB (that is, mouse H-2Eb). This choice has been influenced by the finding that H-2Eb is the most polymorphic MHC class II gene in humans (Janeway et al., 1999) and shows high levels of polymorphism in other vertebrates including rodents (see, for example, Babik et al. 2005 and references therein). As such, it is implicitly assumed to reflect the diversity of the whole MHC class II haplotype (Babik et al., 2005; Radwan et al., 2007) . If we had included only H-2Eb in our study, we would have further reinforced this general picture by stating high H-2Eb polymorphism. It is therefore interesting to note that H-2Aa is more polymorphic than H-2Eb in wild house mice, evolving under a different selective regime. It follows that studies analyzing causes and consequences of population structure at MHC, or dealing with MHC trans-species evolution, could reach very different conclusions depending on which MHC gene is chosen, despite even tight linkage between them. This should be kept in mind especially when study conclusions lead to management decisions, for example, regarding evolutionary significant units in conservation management. Care should also be taken in studies of MHC and mate choice, or pathogen/MHC genotype associations. An obvious example is correlation with heterozygosity: we show that individuals can differ considerably in heterozygosity even at closely linked MHC loci. We recommend careful choice of MHC gene in study design, or better, consideration of multiple MHC genes.
